ABSTRACT --.4 model attitude and position control system for large-gap magnetic suspension system using CCD sensor is studied in this paper. In a recent work, a position and attitude sensing method was proposed using CCD [l] to generate digital data outputs. Based on this achievement, a control system design using nonlinear feedback technique for magnetic suspended model position and attitude control is applied. The studied system accomplishes a control of the suspended model under different position and attitude in a test fixture. To overcome the fast real time requiremenl in the control, ROM mapping technique and necessary improvements in circuit design will be discussed. The control law based on system dynamics is formulated, and its implementations with hardware design to the desired output are demonstrated. It results an important improvement of model control in a magnetic suspension wind tunnel application. Keywords:
equation by coRsidering the kinetic energy and potential energy of the model. The magnetic forces on two poles are derived in relations to the desired control attitude and position of the suspended model. Circuit design to realize the control law is carried out and implemented. In order to meet the real time control .
requirements, higher speed signal processing to obtain the desired solutions is achieved using ROM mapping method. The nonlinear control variables are externally fitted by experiments, and fabricated into ROMs in the circuit hardware.
In the real control implementation, a 213 Hz CCD signal processing circuit replaces the commercial handy-camcorder to increase the signal processing response and to ensure control capability. In the test results, a attitude control of a 27.5cm bar is successfully achieved in a two-pole magnetic suspension test system.
These results are demonstrated.
The developed technology appears an good approach to improve the real time control application in a magnetic suspension wind tunnel test system. I . INTRODUCTION 2. PLANT DYNAMICS AND CONTROL LAW In a magnetic suspension wind tunnel system, a magnetically suspended model replaces a conventional model support method to reduce local turbulence and increase measurement accuracy. The method to achieve the suspended model control varies from many high-tech applications. From most successful results, a laser beam and sensor array fixture has been used by NASA, USA since the 1980's [ 11. It limited the operation range of the suspended model unless a complicated movable structure is affixed. In a recent development by NAL, Japan [2] , a CCD sensor is used to detected the position of the suspended model in a wind tunnel test section. Such a system accomplished the wider range noncontact measurement. However, a movable part is still necessary to change different attitude of control. Since CCD sensor is highly developed in the recent decade, and becomes a very popular electronic device to the public, its manufacture technology is getting well-established [3] . Normally, a handy camcorder uses a scanning rate of 60 Hz to view on the shooting target. However, the limited scanning rate might be not capable to fulfill the requirements for real time applications such as image processing and system controls. Many special products will improve the signal processing circuit to increase the scanning rate up to higher frequency for better performance in use.
In this paper, an improved technology using CCD sensor for real time application in magnetic suspension system is proposed. The development started from a 60 Hz camcorder for basic studies. The method to latch the scanning target and generate output data is previously presented [4] . The signal processing circuit identifies these coordinates of the specified white dots on a black-background model from a CCD sensor, and converts these coordinatesinto model position and attitude [4] .
In, the development, the position and attitude of the suspended model can accurately detected in real time.
In this paper, the nonlinear feedback control law for a two-pole magnetic suspension system is formulated using Lagrange Referring to the magnetic suspended model in Fig.l(a) , the energy equations of the model are described as the kinetic energy: and the potential energy:
where Xi and XZ are positions of the specified points on the model, 8 is the pitch angle of the model, m is the model mass on the center of gravity, I is the effective distance between two specified points on the model, g is the gravitational acceleration, with a constraint equation of:
From the Lagrange equation, we have: and Eq. 10 into E.q. 8 to get:
From Eq. 11 and Eq. 12, the external forces F,, F,, pitch angle e and model position at its center of gravity (Xi +X2)/2 can be steadily controlled to a stable condition.
Summing Eq. 9 and Eq. IO, we get:
From a known magnetic force model of the relationship between magnetic force and coil current in quadratic forms,
where M, and M,, are magnetic dipole. P(x,y) 's are polynomial function of x and y . C(i) is constant depended on control current i . Thc magnetic coil currents can be obtained as:
The Control Circuit is implemented according to Eqs.13 , 14 , 17 and 18,which is ii nonlinear feedback control law . The physical meanning of this control law is using nonlinear feedback technology to linearize the control system and decouples the motion of (Xi +&)/2 and B.The control parameters of k's and C'S can be choosed acoording to the classical digital control theory. In this paper, the control system which feedbacks position and attitude signals from the Signal processing Circuit and then generates appropriate output currents to the magnetic suspension system is designed and implemented using hardware circuits. System implmentation and experimental results are demonstrated in a two coil magnetic suspension system.
SYSTEM IMPLEMENTATION
For the implementation of the proposed method, the block diagram shown in Fig.2 is designed and fabricated. In the design process, a real time signal processing circuit including target identification and noise filtering is developed. To achieve a proper control of magnetic force, experimental system force modeling and its establishment are considered to simplify the complicate control algorithm.
Signal Processing Circuit
The design concept of signal processing maintains the same as the developed CCD measurement circuit [4] . The suspended model is a long bar of 27.5 cm, with an embedded permanent magnet. There: are two white dots on each edge of the suspended model. On each CCD scanning period, the first scanned coordinate (xl, y,) and the last scanned coordinate (x,,y,) are latched at the rising edge of the LATCH-SGN, correspondingly.
The corresponding pitch angle can be generated with ROM mapping method by:
(1 9)
where D and I denote the diameter and length of the suspended model, respectively, as shown in Fig. l(b) . The resolutions of X and Y, denoted as RESx and RESy, are dependent on the distance between CCD sensor and the suspended model. Fig. 3 shows the block diagram of the pulse generation circuit for the measurement data. For control purpose, the PULSE-OUT determine the acquired data from CCD. There unclear edge due to light projection. A noise appearing as short duration pulses are -- I I detected. To avoid detection error, a digital filter, as shown in Fig.3(b) , is designed to delete the short duration pulses. Because there exists B error zone when these white dots had the same horizontal counter value [4], so the generation method of LATCH-SGN is modified to avoid the error zone. DIF in Fig3.a means to take derivative at the rising edge of Q output. The outputs x(H0EU-OUT) and y(VERT-OUT) of Fig.3(a) can be translated into corresponding position and attitude of the suspended model as shown in Fig.4 . From the above formulations, Eq. 19 can be programmed into EPROM and then pitch angle can be generated from [)/A output. Microcomputer 875 I(c) takes numerical de~vation of the pitch angle. The similar method is used to gener;iteP(xl,yl),P(xz,y2) and sec@.
Force Model
Before applying the control method to the proposed system as shown in Fig.l (aj, system model and parameters should be obtained. The system parameter measurement is carried out via magnetic field and force measurement from different locations within the control range of the two-pole levitation system. Assume that X denotes the vertical suspending distance from the pole, Y denotes the horizontal shift distance from the center of magnetic pole. The parameter measurement process sets the locations of y at 0 mm, 8 mm, and 16 mm for magnetic coil currents of 1.0 A to 5.0 A with 0.5 A each step. The magnetic force in g is measured and plotted on to figures similar to Fig.5 . By a curve fitting process, the constarit C with respect to coil current i is measured to get Fig.6 . Via the described procedures, the polynomial function P(x, y) as defined previously can be fitted into a figure as shown in Fig.7 with respect to different values of y. The data of P(x, y) is used to substitute into Eq. I5 and Eq. 16 to calculate the required magnetic force from each electromagnet pole.
Control Circuit
The control circuit implementation is shown in Fig.8 according to the control formulations as Eqs.13, 14, and 17, 18. Summation and subtraction are carried out by operation amplifiers, and multiplication and square root operation are carried out by AD532. If the inputs of the square root operation are negative, the operation is modified to be-JABS(P(x,y)-M) . f ( x , y ) ' s are tuned automatically according to Fig.7 of the curve fitting results. The gain of V/I converter is set to be 1. Magnetic dipole moment M is not constant, and is implemented by an adjustable voltage reference for simplification. It is similar as l/C(i). The experimental two-pole magnetic suspension system is designed by two identical electromagnets with coil turns of 5000 in 1.2 mm diameter copper wire. The magnetic core is low carbon steel by proper annealing, process. The measured operation current is lying from about 3 A to 6 A h this set-up, we choose higher coil turns to trade in power control problem. In this stud.y, the magnetic suspended model control is accomplished. The bar length of the suspended model is 27.5 cm, 496 g with an embedded permanent mabaet. The diameter of lens is 62 mm and the pixel's number of CCD sensor is 256x256. The distance of CCD sensor to suspended model is 138 cm to make a viewing window of 294 mm by 294 mm and the coresponding resolution is 1.15 mm. Referring to Eq.13 and Eq.14, proper tuning of parameters C's and K's, as referring to Fig. 8 , is important to prevent system oscillation.
While using a commercial 60 Ilz CCD, the suspended model is uncontrollable due to the 1imitai:ion. An improvement by choosing 213 Hz CCD sensor has made significant progress to control the suspended model with different position and attitude. Fig.9 shows the control results of the suspended model in a two-pole magnetic suspension system. A closer view on this achievement is shown in Fig.9(a) . From Fig.9(b) , 9(c) to 9(d), the pitch angle of the suspended model is varying from 9, 6 and 3 degrees, correspondingly. The attitude control of the suspended model is accomplished by commanding from personal computer.
. CONCLUSION
In this paper, a real time attitude control of suspended model in a two-pole magnetic suspension system is demonstrated using CCD sensing technology. The CCD sensor achieves a noncontact measurement and control of the magnetic suspension application.
In this demonstration, the position and attitude of the suspended model can smoothly adjusted within a limited range due to constraints of the experimental system.
The proposed method to use CCD sensor to accomplish the suspended model control will be applied to a test fixture of magnetic suspension wind tunnel for tests of continuous changes of model position and attitude. It is an important step toward more flexible control in the tests.
If high resolution was required , the CCD sensor should be set up more close to the suspended model. Whereas the scanning area is relatively small. So two CCD sensors are required to scan the co-cordinate of two white dots individually. 
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